BACKGROUND-The development of valid methods for repeatedly measuring red blood cell (RBC) volume (RCV) in the same individual would be useful in furthering understanding of the physiology and pathophysiology of the pregnant woman, fetus, and infant under a variety of conditions.
combination with flow cytometry, the biotin labeling method requires only microliter volumes while achieving sufficient sensitivity to be used in 500-g neonates. [2] [3] [4] Additional advantages of the biotin labeling RBC method over other RBC labeling methods include the following: 1) it does not expose the subject to radiation; 2) it has been successfully applied in numerous mammalian species; 2, [5] [6] [7] [8] [9] [10] [11] 3) the required reagents are inexpensive and readily available; 2,4 4) the equipment required is available in clinical laboratories of most academic medical centers; 2,4 and 5) technician time required is modest.
Because ovine fetal and newborn cardiovascular, pulmonary, and hematologic development resembles human physiology, sheep are commonly used to model preclinical studies. In particular, ovine erythropoiesis in the fetus, neonate, and adult is similar to the human. 12 Accordingly, regulation of erythropoiesis and RBC kinetics during the perinatal period in the ovine model are areas of active investigation [13] [14] [15] that could be advanced by methods permitting multiple, repeated measurement of RCV and survival.
In this study, our objective was to investigate whether multiple discrete densities of biotinlabeled sheep and human RBCs can be simultaneously applied to independently and accurately quantitate RCV in vitro. Our hypotheses were that RCV determined using each of the different densities of biotinylated RBC would not be significantly different from one another and that the RCV values would be accurate within 5 percent under conditions that simulate anticipated in vivo situations.
MATERIALS AND METHODS

Animal and human study subjects
Studies using sheep RBCs were approved by the institutional animal care and use committees at both Arkansas and Iowa. Studies using human RBCs were approved by the institutional review boards of the University of Arkansas for Medical Sciences and the University of Iowa and were carried out according to the principles of the Declaration of Helsinki. Human blood was obtained from healthy adult volunteers. Informed consent was obtained from all subjects.
For sheep studies, freshly obtained venous blood was shipped overnight from Iowa City. Human blood was obtained from healthy adult volunteers. Informed consent was obtained from all human subjects.
Biotinylation of RBCs
The biotin labeling method for measurement of RCV in sheep and humans has been previously described. 2, 16 Briefly, blood was centrifuged at 1000 RCF for 10 minutes and the plasma layer was aspirated and saved for use in reconstituting RBCs after biotin labeling. The RBCs were washed three times with 5 vol of pH 7.4 buffer ("wash buffer") containing 11.1 mmol per L glucose, 20 mmol per L sodium bicarbonate, 2.3 mmol per L NaHPO 4 , 1.14 mmol per L Na 2 PO 4 , and 154 mmol per L NaCl (356 mOsm/L). Washed RBCs were resuspended in sufficient wash buffer to yield a 25 percent suspension of RBCs. Up to five aliquots of RBCs were biotinylated with increasing amounts of sulfo-NHS-biotin reagent (Pierce Chemical Co., Rockford, IL). To prevent hydrolysis of the reagent before addition to the RBCs, this biotinylation reagent was prepared in wash buffer adjusted to pH 5.0 with HCl immediately before use. The concentration of biotinylation reagent per milliliter of RBCs was chosen empirically to produce discrete individual peaks in the flow histogram generated by plotting event number versus the log of the fluorescent intensity.
The incubation of biotinylation reagent with the washed RBCs was conducted at pH 7.4 and was terminated after 30 minutes (empirically determined to be the optimal length of reaction time)by the addition of a fivefold volume of wash buffer. The biotinylated RBCs were washed four times in wash buffer and resuspended in autologous plasma at a hematocrit (Hct) level of 25 percent.
Complexing of biotin-labeled RBCs
For each of the samples from the standard curve, the reference mixture, and the individual densities of biotinylated RBCs, 1-to 2-µL volumes were aliquoted in triplicate, washed to remove plasma, and resuspended with 12.5 µg of fluorescein-labeled avidin (FITC-AV). After being incubated for 10 minutes at room temperature, 1 mL of wash buffer containing 164 µmol per L biotin was added to the RBC suspension to prevent cross-linking of biotinylated RBCs by tetrameric biotin-binding sites on FITC-AV. Unbound FITC-AV was removed by sedimenting the RBCs and washing four times as described previously. 2 The first two washes contained approximately 164 µmol per L biotin; the third and fourth washes contained biotin and 2 percent bovine serum albumin (BSA) to reduce nonspecific aggregation of RBCs (which manifest as "shoulders" on the high-fluorescence aspects of histogram peaks).
Enumeration of each population of biotin-labeled RBCs using flow cytometry
After being complexed with FITC-AV, washed RBCs were resuspended in 0.5 mL of wash buffer with 164 µmol per L biotin and 2 percent BSA previously filtered through a 0.45-µmfilter and enumerated with at least 200,000 events by a flow cytometer (FACSCalibur, BD Biosciences, San Jose, CA). A flow rate of the cytometer and dilution factor for the RBC suspension were chosen to produce 2000 to 5000 RBC counting events per second to ensure sufficient single event counting essential for accurate RCV determination.
In the plot of log side scatter versus log forward scatter ("scatter" plot), the region containing the RBCs was manually selected to include the vast majority of all RBCs while excluding debris and photomultiplier noise (Fig. 1A) . The histogram display of event number versus the log of the fluorescent intensity (Fig. 1B) was divided into discrete populations of biotinylated RBCs using the interval region "markers"; the total number of events, that is, RBCs, within each region was determined. To minimize variability from day to day due to machine performance, the leading edge of the endogenous fluorescence of the unlabeled RBCs was arbitrarily set to 10 on the fluorescent intensity histogram by adjusting the gain of the photomultiplier of the flow cytometer.
In vitro simulation of in vivo determination of RCV (the reference mixture)
We chose various volumes of blood varying from as little as 5 mL to asmuch as 100 mL to simulate in vivo circulating blood volume of extremely low birth weight infants and small animals. Sufficient numbers of biotinylated RBCs of each biotin density were added to whole blood to produce an enrichment of 1 to 3 percent, which is approximately equal to those deemed appropriate in previous in vivo studies. 4, 16, 17 Known volumes of different densities of biotinylated RBCs were added to produce equal enrichment of each. The number of RBCs added for each biotinylation density was quantitated by gravimetric determination of the mass of the individual densities and the mass of unlabeled blood to within 0.1 mg. Sample weights were converted to volumes using the specific gravity (SG) of blood for sheep with a normal Hct of 30 percent and for humans with a normal Hct of 40 percent of 1.04 and 1.05 g/mL, respectively. The total red blood cell count (RCC) per femtoliter of each volume was calculated as: Hct/mean cell volume (MCV; determined in fL/RBC from the whole blood sample or resuspended RBC sample at the time of measurement of Hct and use).
Preparation of the standard curve
A 5-point standard curve of biotinylated RBCs was prepared as previously described. 2, 3 Briefly, known volumes of biotinylated RBCs for each of the different densities were diluted into a known volume of unlabeled blood to produce a standard curve of known percentages of biotinylated RBCs that encompassed the estimated likely enrichment percentage of the reference sample. The weight of each component was recorded, and the dilution of each density-labeled population was calculated for each point on a standard calculated enrichment versus measured enrichment curve using the equations below according to the dilution principle 18 as follows: and In the original development of the biotin method, slopes of the standard curves varied between 1.2 and 1.8. [2] [3] [4] With the better regional gating and background subtraction used for this study, slopes are typically 1.0 ± 0.10, suggesting that omission of the standard curve and assumption of a slope of 1.0 would potentially introduce an error in volume determination caused by the deviation of the true slope of the standard curve from a slope of 1.0.
Calculation of RCV
The RCVs were calculated independently based on the dilution principle (i.e., the number of RBCs in each population of biotinylated RBCs as a percentage of the total number of RBCs counted). 2, 4, 16, 19 For each density i, RCV i was calculated as follows:
where RCV i is the RCV determined by biotin density i, %B i is the percentage of biotinylated RBCs in the aliquot of the ith density (100%), RCC i is the RCCs in RBCs per fL for the aliquot of RBC of the ith density, W i is the mass in g of the aliquot of biotinylated RBCs of the ith density, MCV u is the MCV in fL per cell for the reference mixture, SG i is the SG in g per mL in the aliquot added of the ith density, and %BU i is the percentage of biotinylated RBC of ith density in the reference mixture after addition of all the biotin densities. The true volume of the reference mixture was determined gravimetrically after the addition of all biotinylated RBCs.
Statistical analysis
Statistical analyses were performed with computer software (StatView, Abacus Concepts, Berkeley, CA). Significance of differences of mean of triplicate determination of RCVs among the different biotinylation densities was tested by one-way analysis of variance (ANOVA). Within each experimental set, differences between RCVs determined using each biotin density and the true gravimetric RCV were calculated to estimate method bias.
RESULTS
To achieve discrete separation with predictable spacing of multiple densities of biotinylated RBCs, we initially investigated the biotinylation characteristics of RBCs from humans and from sheep. Once these capabilities were achieved, in vitro simulations of multiple, simultaneous in vivo determination of multiple density biotinylated RBC measurements were performed to determine RCV.
Relationship of mass of biotinylating reagent to fluorescence intensity at multiple densities
During method development, RBC aggregates were observed when higher concentrations of biotinylation reagent produced increased biotin on the RBC surface. After the addition of FITC-AV, these aggregates were visible by eye as a granular appearance instead of the typical pellucid haze. The presence of doublets and clusters of RBCs was confirmed by light microscopy. RBCs with higher biotin densities had histogram peaks with "shoulders" of higher fluorescence. The addition of free biotin to the wash buffer used after incubation with FITC-AV prevented aggregation. We interpret this finding as prevention of cross-linking of biotin by tetrameric avidin bridge between two or more RBCs.
Biotinylation at different reagent masses per volume of RBCs resulted in distinct, discretely spaced populations of biotinylated RBCs (Fig. 1B) . Representative plots for RBCs from an individual sheep and individual human subject ( Fig. 2A) (Fig. 2A) .
The combined data for sheep (n = 5) and the combined data for humans (n = 7; Fig. 2B ) demonstrate that sheep consistently exhibit lesser biotinylation density per RBC at any given amount of reagent; these data also illustrate the smaller variation between individuals of the same species. For any given individual, linearity with reagent mass was consistently observed (correlation coefficients >0.997 for all 12 RBC samples), but the slopes varied among the individuals. For sheep, the mean ± 1 standard deviation (SD) for the slope was 2.0 ± 0.2; for humans, the mean ± 1SD for the slope was 5.8 ± 1.1.
Determination of RCV by multiple densities
The standard curves for each RBC biotinylation density were similar, with each curve approximating the line of identity. The representative family of standard curves from Sheep Study 3 (Fig. 3) exhibited the characteristic linearity and agreement among densities observed for all sheep and humans studied. The method was accurate as the mean errors were −3 and 1 percent for the sheep and human studies, respectively, and precise as the standard deviation of the errors were 6 and 4 percent, respectively (Table 1) .
To assess the accuracy and precision of RCV values determined simultaneously and independently using the four or five densities, in vitro simulations of in vivo RCV measurements were performed using blood from three additional sheep and three additional human subjects (Table 1) . For both sheep and humans, the RCV measurements were both precise and accurate. The variation in RCV values among densities in any sheep was not significant and did not exhibit a trend with increasing biotinylation reagent. The mean bias in the estimate was 5 percent or less. Likewise, the variation in RCV values among densities in any human subject was not significant and did not exhibit a trend with increasing biotinylation reagent. The mean bias in the estimate was 2 percent or less.
DISCUSSION
Results of the present in vitro studies indicate that RCV can be simultaneously and independently quantitated using sheep or human RBCs labeled with biotin at multiple discrete densities. The corresponding blood volumes can be calculated from the Hct. The successful in vitro validation of this method demonstrated here is a necessary prerequisite before in vivo validation in an animal model and then in human subjects.
The ability to independently perform RCV measurements at multiple, discrete RBC biotin densities in individual subjects has several potential clinical applications. This capability is particularly useful for dynamic studies in which RCV is undergoing change in different pathologic and physiologic states. As such, studies of pregnant women and their offspring are particularly well suited for studies of multiple RCV determinations. The discrete biotin densities can be used to measure RCV and blood volume repeatedly over time in the same individual. In determining new RBC production, the ability to determine RCV at different times during the life span of RBCs would be particularly important in accurately quantifying absolute RBC production despite dilution of labeled RBCs as blood volume expands with somatic growth. Pregnant women and their fetuses and newborns are especially important populations in which such blood volume expansion occurs. This ability could also be important in characterizing RBC kinetics in the following situations: 1) clinical situations in which an intervening transfusion is required; 2) clinical situations in which RBC loss due to hemorrhage or iatrogenic removal occurs; 3) normal conditions in which physiologic changes in blood volume occur immediately after birth; and 4) pathologic conditions such as sepsis, which induce changes in RCV and blood volume. The fact that these studies have not been done previously is largely due to the inability of the previous methods to reliably, accurately, and safely perform multiple RCV measurements using sufficiently small blood volumes to not confound these measurements or render them impractical.
The studies presented here offer an enhancement of capabilities of RBCs biotinylated at a single density. RBCs biotinylated at a single density can be used to measure RCV and blood volume more than once in the same individual. 16 This is accomplished by infusing additional RBCs biotinylated at the same single density but requires a correction for residual RBCs from the previous study based on a baseline blood sample taken just before the second study. 16 Our group has previously validated and published an equation correcting for the residual biotinylated RBCs remaining in the circulation after all prior volume studies. However, multiple RCV determinations using RBCs biotinylated at a single density have practical limitations. When using the long-lived biotin label, accumulating residual biotin-labeled RBCs from previous studies are inevitable. Theoretical simulations indicated that at least doubling of the volume of labeled RBCs infused with each successive RCV measurement is needed to generate a signal to noise ratio (i.e., increase in blood concentration of the biotin label above baseline) adequate to yield less than 5 percent error. These theoretical conclusions were confirmed empirically, and these results indicated that multiple sequential measurements could be made in vivo using the biotin labeling method. 16 The current validation of the five-density approach potentially multiplies the number of feasible RCV measurements by fivefold.
Safe, accurate, and reliable methods for measuring RCV and RBC survival in the pregnant woman, fetus, and infant are needed to further our understanding of the physiology and pathophysiology of a variety of perinatal conditions and their responses to treatment. While the greatest number of published studies of RCV and RBC survival in infants have used 51 Cr, the most recent of these studies were published before 1970. 20 Ethical concerns about radiation effects in infants, children, and pregnant women have discouraged these studies and motivated the development of alternative methods that avoid exposure to radioactivity.
In addition to safety concerns, all radioactive RBC labeling methods used to determine RCV are susceptible to artifacts arising from either dilution ("squeezing") or concentration ("sludging") while obtaining the venous or capillary blood samples. 21, 22 The common methods include labeling with 51 Cr, 99m Tc, and 14 C-cyanate (sheep). Because it depends on the enumeration of labeled RBCs rather than blood concentration of label, the flow cytometric method for quantifying biotinylated RBCs is not susceptible to either dilution or concentration artifacts. Results of enumeration of biotin-labeled RBCs are expressed as a percentage of total RBCs counted.
As a result of ethical and methodologic problems, several nonradioactive methods have been developed for measuring RCV and RBC survival. These include methods based on nonradioactive stable isotope labels 23 and flow cytometric methods based on dilution of hemoglobin (Hb)F by donor HbA 24 or detection of minor antigens. 25 Only the first of these is suitable for studies using autologous RBCs while the second is only suitable for studies in which allogeneic adult donor blood is administered to fetuses or newborns. The RCV methods that have been published using stable isotopes followed by neutron activation 26 or X-ray fluorescence 27 are labor-intensive and require highly specialized, expensive equipment 26, 27 and are not sufficiently sensitive for the small volumes of blood available from neonates 27 or both. As a result, these stable isotope methods have not gained widespread use.
Human RBCs exhibit a greater biotinylation density per RBC than sheep RBCs when RBCs are biotinylated with the same mass of reagent per milliliter of RBCs. This difference is predictable from the observation that the mean corpuscular volume of individual human RBCs is approximately three times larger that sheep RBCs, 90 fL versus 30 fL, respectively. If, as an approximation, RBCs were spheres (which they are not), the difference in volume between species would dictate that the surface area of human RBCs would be more than twice that of sheep RBCs. Accordingly, the greater number of biotin moieties and greater fluorescence per RBC are likely attributable to the greater number of biotinylatable moieties (mainly lysine residues) exposed on the outer membrane of human RBCs, rather than to differences in the protein composition of the RBC membrane. The good agreement among the individuals in a species for biotinylation density per RBC at any given biotinylation reagent mass indicates that the fluorescence intensity at a given biotin density is relatively reproducible despite analytic and individual variation.
There are limitations in the interpretation of the results of this study. Although the RCV determinations did not differ significantly among biotin densities, there was a small, but significant overall tendency of the method to underestimate the blood volume in two of the three sheep experiments and in one of the human experiments. The source of the error is not clear. This remains to be assessed empirically and is under active investigation in our laboratories.
Another potential limitation is that the performance of the method in vitro may not be predictive of the method in vivo. For example, the formation of antibodies to biotinylated RBCs could affect repeated measurements of RCV in vivo. Indeed, in a previous study of 20 subjects who received biotinylated RBCs, 28 15 percent of study subjects developed antibodies to biotinylated RBCs. However, there was no apparent effect of these antibodies on either measurement of RCV or even long-term survival of biotinylated RBCs, 2, 28, 29 of course, because the emergence of antibodies develops over weeks or months and therefore did not affect initial measurements. This issue remains of concern and will be a focus of our ongoing in vivo human studies.
In summary, the present data provide evidence that RCV can be accurately quantitated in vitro in sheep and human blood using populations of RBCs labeled with different densities of biotin and using flow cytometric quantitation. Because biotin labeling of RBCs offers the promise of a nonradioactive method that is practical, safe, accurate, and more robust than other currently available methods, the next step will be to determine RCV in vivo using RBCs labeled at the biotin densities used here, first in sheep and then in humans. Based on the utility of the ovine model as a surrogate for studies of fetal and newborn infants, the biotin method is likely to be useful both in addressing biologic questions in this model and in establishing safe and effective procedures that can be applied in human studies.
ABBREVIATIONS
FITC-AV, fluorescein-labeled avidin; RCC, red blood cell count; RCV, red blood cell volume; SG, specific gravity (g/mL).. Flow cytometric results from a representative in vitro mixture of human unlabeled and biotinylated RBCs from one study subject (Human Study 2 from Table 1 Representative family of standard curves for an in vitro sheep study. The measured enrichment determined by flow cytometry versus the known enrichment determined gravimetrically yields slopes between 0.98 and 1.09 with correlation coefficients of 0.999 or more. A standard curve for each separate density of biotinylated RBCs was prepared using enrichments of biotinylated RBCs that encompassed the expected enrichment of that label in the total blood volume. Table 1 In vitro RCV determinations of sheep and human RBCs labeled at four or five biotin densities Mean ± SD
± 3
Overall mean ± SD for humans 1 ± 4 * ANOVA of RCV among the four or five biotinylation densities produced by the different reagent masses; RCV is mean of three replicates per density for each individual sheep or human.
